Abstract-The IEEE 1901 powerline standard can be deployed using orthogonal frequency division multiplexing (OFDM) since it is robust over impulsive channels. However, the powerline channel picks up impulsive interference that the conventional OFDM driver cannot combat. Since the probability density function (PDF) of OFDM amplitudes follow the Rayleigh distribution, it becomes difficult to correctly predict the existence of impulsive noise (IN) in powerline systems. In this study, we use companding transforms to convert the PDF of the conventional OFDM system to a uniform distribution which avails the identification and mitigation of IN. Results show significant improvement in the output signal-to-noise ratio (SNR) when nonlinear optimization search is applied. We also show that the conventional PDF leads to false IN detection which diminishes the output SNR when nonlinear memoryless mitigation scheme such as clipping or blanking is applied. Thus, companding OFDM signals before transmission helps to correctly predict the optimal blanking or clipping threshold which in turn improves the output SNR performance.
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I. INTRODUCTION
At homes, wireless signals can be severely attenuated by thick solid objects limiting signal penetration into certain areas of a building. This can protract broadband services, home automation, monitoring, security and comfort, etc. Consequently, powerline communication (PLC) systems such as the IEEE 1901 may be used to transmit data at homes and microgrids over electric power cables [1] , [2] . An interference from different home appliances (i.e., disturbers) influences the performance of PLC signals over the powerline channels. For example, such disturbers induce non-Gaussian noise into the powerline channel that corrupt the signal amplitude and consequently makes it unrecoverable.
The IEEE 1901 standard uses orthogonal frequency division multiplexing (OFDM) for physical layer signaling over powerlines which may operate using wavelets or FFT [1] , [3] - [5] . OFDM is a robust scheme which combats impulse responses of the channels by deploying cyclic prefix that is at least as long as the worst impulse response. OFDM achieves this by partitioning a wide-band into many narrow-bands subcarriers such that symbol time is increased. Unfortunately, the amplitude distribution of OFDM signals with a large number of subcarriers follows a Rayleigh instead of uniform distribution. This implies that a percentage of OFDM signals have amplitudes distributed above the mean (i.e., assuming that the transmit signal is normalized) amplitude beclouds the identification of impulsive noise (IN) in the powerline system. Practically, these small fractions of amplitudes distributed beyond the mean amplitude lead to high peak-to-average power ratio (PAPR). In other words, they lead to lower efficiency of high power amplifier (HPA) with operation close to the saturation region. More importantly, it becomes difficult, if not impossible, to identify and mitigate the IN of the powerline channel due to the uneven distribution of these amplitudes.
PAPR can be reduced by applying clipping or companding after OFDM modulation at the transmitter [6] - [8] . This leads to converting the distribution of signal amplitude from Rayleigh to a uniform distribution. The concept of improving IN mitigation by reducing PAPR at transmitter was first introduced in [9] . In addition, OFDM systems dispensing with a flat envelope was later proposed to reduce PAPR and avail amplitude distributions that can help mitigate IN [10] , however the scheme imposes computational burden on the system. While the clipping or companding PAPR techniques are performed after OFDM modulation at the transmitter [6] , [7] , the nonlinear blanking or clipping to mitigate IN are performed at the receiver [11] before OFDM demodulation. Our study is motivated from studying companding transforms which have the ability to significantly reduce PAPR [6] , [8] , [12] - [14] . Thus, we exploit, in addition to reducing the PAPR, the companding transform for IN mitigation in powerline transmission of OFDM modulated signals. Some studies are done in [15] , however, the work was limited to only µ-law based companding transform without comparison with conventional OFDM performance.
In this study, we present a comprehensive system analysis discussing identification and mitigation of IN in PLC. We present different PDF models to approximate the Rayleigh distributed signal envelope of the conventional OFDM with a uniformly distributed signal envelope. In addition, we also present an optimization approach to search for amplitudes where signals can be clipped or blanked to achieve optimal system performance. The performance of five different companding transforms with detailed examination of their capabilities in mitigating IN is discussed in terms of output signalto-noise ratio (SNR) at the receiver, the PDF distributions of the signal amplitudes, optimization of model parameters and the companding transform performances. Furthermore, we applied the optimization to the search of optimal amplitudes for which the signals can be clipped or blanked to achieve the optimal SNR. The PDFs that characterize these companding transforms are hyperbolic arcsine companding (HASC) [16] , exponential companding (EC) [17] , µ-law companding (MC) [6] , log-based modified MC (LMC) [14] and the error-function companding (ERFC) [13] transforms. We find that among the studied PDFs, the ERFC transform outperforms all others, while the exponential transform is the least performing. The strength of the ERFC transform has been derived from the fact that it follows a uniform distribution better than others and thus leverages the easy identification and removal of the IN in the system. II. SYSTEM MODEL In the system mdoel, we consider an OFDM-driven powerline system with IN. As an example, consider a frequency domain data symbol X = [X 0 , X 1 , X 2 , · · · , X N −1 ] which can be transformed into its time domain component as
(1) From (1), the resulting time domain OFDM signal can be decomposed into real (x r ) and imaginary (x i ) parts. Then, from the knowledge of central limit theorem, x r and x i are identically and independently distributed Gaussian random variables. This implies that for x ∼ N µ x , σ 2 x the PDF of these x r and x i follows a Rayleigh distribution which can be expressed as
where µ x = E {x(n)}, E {·} is the expected mean operator, σ x is the standard deviation, and σ 2 x is the variance of x(n). In (2), x 0 is the discrete envelope of x(n) and can be depicted in Fig. 1 [18] as having a Rayleigh distribution. Now, since the discrete envelope of x(n) -the amplitudes -follows a Rayleigh distribution, then majority of the signals have amplitudes distributed around the µ x while a few others are distributed to the left-hand and right-hand sides of the distribution. Two problems are derived from these characteristics of the distribution; the high amplitude that appear at the right-hand side leads to high PAPR in the conventional OFDM and secondly the general non-uniform distribution of the amplitudes toughens the identification, isolation and mitigation of IN in powerline communication systems -the results are, respectively, high power consumption by HPAs and the other is poor performance in terms of the output power at the receiver.
When x(n) is normally distributed, then µ x = 0. On the other hand, the cumulative density function (CDF) of the Gaussian distributed variable x(n) is the integration of the PDF and can be expressed in closed form as where erf (·) is the error function. Our goal therefore is to approximate the non-uniform OFDM amplitude distribution in such a way that the amplitudes become uniformly distributed so as to enhance the identification and mitigation of IN in powerline systems. Generally, the PAPR mitigation techniques that apply after the OFDM modulation can be either clipping or companding. Both are simple to implement but the companding transform excels in BER performance due to slight amplitude distortions impacted on the signals. Earlier, a study in [15] pursued this idea of using companding transform to mitigate IN in powerline systems but was limited to only one model of companding transform.
III. APPROXIMATION OF SIGNAL ENVELOPE DISTRIBUTION
Now, recall the time-domain OFDM signals in (1), it can be passed through a companding transform to change its PDF to a uniform distribution as follows [12] , [13] 
which can be rewritten as
where C x (·) is the CDF of the uncompanded signals, C xc (·) and C −1 xc (·) is the CDF and inverse CDF of the companded signal respectively. F(x(n)) is the resulting companding transform that converts the PDF of conventional OFDM to a uniform distribution. Since |x c (n)| tends to the desired uniform distribution, then the CDF is written as [13] 
By combining (3), (4) and (6), the companding transform can be expressed as
where A 1 = 3σ 2 x . Our target is however to achieve [0, A], where 0 < |F(x(n))| ≤ 1. Meanwhile, the foremost PAPR companding scheme uses the well-known µ-law [6]
where A 2 is a normalization parameter confined within 0 ≤ x(n) A2 ≤ 1. The problem with (8) is that it expands the amplitudes of lower energy signals without compressing the larger ones. Thus, in [14] , (8) was modified as
where
where u = E |x| 2 . Based on the hyperbolic arcsine
suggested a different companding transform of the form
where c and K are the flexing-point determining parameters associated with A 4 . β 4 is the parameter that normalizes the output power of the companded signal to be similar to that of the input signal. In [17] , an exponential companding transform that can approximate the PDF of the conventional OFDM signal to a uniform distribution was proposed such as
where d 5 > 0 and in general, sgn (x) = x(n) |x(n)| is the phase. In Fig. 2 [18] , we analyze the companding performances of these transforms in terms of amplitude compression and expansion respectively of input signals. MC scheme expands the amplitudes of lower energy signals without impacts on the high energy signals. This will increase the output SNR. It is followed by LMC although LMC expands the amplitude of lower energy signals and also compresses the amplitudes of higher energy signals; this is similarly true for ERFC. On the other hand, HASC does not impact the amplitudes of lower energy signals, however it compresses the amplitude of high energy signals. Lastly, the EC compresses the amplitudes of high amplitude signals and expands the low energy ones; this will greatly improve the distribution towards the desired uniform distribution. Meanwhile, it is worthy to mention that companding involves compressing the amplitudes of the amplitudes of large amplitude (high energy) signals and expanding low amplitude (low energy) signals. While some companding transforms achieve the former others achieve the latter only. Ideally, effective companding transforms achieve both characteristics simultaneously and their performances in availing IN mitigation lies on how much of uniform distribution that is achieved.
A. Companded OFDM Signal Transmission over Powerline Channels with Impulsive Noise
Our investigation is on the companded OFDM signal transmitted over powerline channels with IN. In other words, we consider digital signal transmission over a memoryless IN channel with characteristic Gaussian noise, z w ∼ N 0, σ Assuming that the total noise samples z(n) = z w (n) + z i (n) are uncorrelated, then the distribution fits into the mixtureGaussian model and the PDF can be expressed as [11] , [19] 
where N z 0 ; 0, σ
is the Gaussian PDF of z(n) with z 0 discrete envelope, zero-mean (µ z = 0), variance σ 2 z,l and p l is the mixing probability. From (12), we can separate the mixing probability into p 0 = 1 − p and p 1 = p, where p is the probability of IN occurrence. Similarly, the variance can be separated into σ . Meanwhile, the result of the companded signal can now be expressed as
When OFDM signals are companded, the signal undergoes some nonlinear amplitude distortion and can be described from the Bussgang theory as [20] 
where α n is the attenuation factor and D n is distortion noise. Thus, before transmission, we compensate the amplitude distorted signal as follows
whereᾱ n is the correlation coefficient of the distorted and original signal that minimizes the error in E |x(n) − Rx * (n)| 2 after power amplification/reduction from companding which can be written as [21] 
where (·) * represents complex conjugate operator. In general, therefore, the received signal at the destination PLC modem can be expressed as
where z i (n) represents the IN component. Although the OFDM symbol duration is are usually long which can mitigate the impulsive nature of the channel, this is only holds if the impulsive energy is moderate [11] . Since the IN amplitude is usually longer, some memoryless nonlinearities such as clipping and blanking are required before the OFDM demodulator.
B. Clipping and Blanking Nonlinear Preprocessors
We assume that the nonlinear mitigation schemes that are applied to reduce the IN effect corresponds to the signal sampled at Nyquist sampling rate. This implies that all distortion suffered by the signal are all within the in-band. For our system, the two nonlinear mitigation approaches are applied at the front-end of the OFDM system, in which all schemes are based on the ideal that for |x c (n)| > T , then the signal is clipped or blanked. Considering clipping first, we express the output clipped signals as
where T c is the clipping threshold. Similarly for blanking scheme, we express the output blanked signal as
where arg {·} estimates the angle and T is the blanking threshold. At the output of the nonlinear memoryless preprocessors, the SNR can be found as [11] SN R out = 10 log 10
is the output power of the nonlinearly mitigated signal, K 0 is a scaling factor. Indeed, the in-band distortions induced by the clipping scheme thus diminishes the output SNR so that the blanking scheme outperforms the clipping scheme in Fig. 3 . Consequently, we shall continue our study with the blanking scheme in the subsequent sections. Meanwhile, observe that the simulated and the analytical results perfectly agree for both at p = 0.01 and p = 0.1.
IV. OPTIMIZATION OF PREPROCESSING PARAMETERS
In this section, we present an optimization approach to finding the optimal blanking amplitude for mitigating impulsive that have been availed by companding OFDM signals before transmission. Since the IN occurrence cannot be predicted precisely, we maximize the performance of our system through some threshold selection process as in [15] , [22] involving some model parameters such as
subject to A max = arg max
where SINR is the signal-to-interference plus noise ratio. Recall that our goal, for example, is to establish the best performing companding transform that can achieve most reduction of the IN in the powerline system, we apply optimization to finding the maximal received SNR and the optimal blanking threshold given the different companding transforms. Consequently, we modify (21) to include F m (x(n)) as
It can be observed that (22) involves one objective variable F m (x(n)) which is considered one at a time. We define γ blank , the output SNR after blanking nonlinear memoryless processing as
is a scaling parameter. Meanwhile, p 0 and p 1 are dependent on p which have chosen to be p = {0.1, 0.01}. These proposals are now extended over fading channels in [18] .
V. RESULTS AND DISCUSSION From the ongoing discussion, our investigation involves OFDM signals that is companded to improve the detection and mitigation of IN. To realize this, we use N = 4096 OFDM signal frame and modulated these data symbols using 16-QAM before passing them through an IFFT-block to obtain the time-domain signals represented in (1) . After applying the companding transform, the resulting signals are transmitted over the IN channel with additive white Gaussian noise (AWGN). At the receiver, we apply blanking to mitigate the IN presence and then estimate the optimal output SNR and blanking threshold through optimal search. In all the simulations, the following parameters are used; SNR = 50dB, N = 4096, µ mc = 10, µ LM C = 0.001, K = 1.2, c = 0.85, d 5 = 1, a 3 = 2 and b 3 = 2. Meanwhile, we confirm that based on the analytical expressions in (20) and (23), all simulated results of the conventional OFDM strongly agree with the analytical results.
Considering the optimal blanking threshold search, it is important to correctly determine the blanking threshold to avoid falsely blanking unintended signals which will severely degrade the output SNR. Consequently, for the uncompanded signal, we recall from the PDF plot in Fig. 1 that the distribution of the signal amplitudes is non-uniform, thus it becomes difficult to correctly determine the correct IN present in the system. In Fig. 4 , it becomes that optimal blanking thresholds at different SINR are lower (in other words better estimated) when OFDM signals are companded than when they are not; with ERFC and MC scheme showing the minimum blanking threshold at p = 0.01.
Furthermore, we increase the probability of IN occurrence in the system by 10% such that p = 0.1. The results shown in Fig.  5 demonstrate that companding the OFDM signals increases the probability of correctly blanking the signals. However, the ERFC scheme shows the lowest optimal blanking threshold while HASC is the worst although all companding schemes perform better in terms of optimal blanking threshold than the uncompanded OFDM signal.
Considering the output SNR with respect to the SINR when the probability of IN occurrence is moderate, for example at p = 0.01. The results shown in Fig. 6 demonstrate that companding OFDM signals improves the output SNR by up to 3.3dB gain. Among the companding transform schemes, it can be seen that the MC and ERFC schemes achieve the highest SNR output. Extending the investigation to powerline channel assumed to be dominated by high IN interference. For example, by increasing the probability of IN occurrence by 10% from the previous condition so that p = 0.1, the output SNR is badly degraded compared to the results in Fig. 6 . In this case, the output SNR is also enhanced by companding the OFDM signals before transmission. Numerically, by companding the OFDM signals before transmission, we find that the output SNR is increased by 2.4dB compared to the uncompanded signal transmission. From our results, the ERFC portends slightly better performance than all other schemes. However, since there is no further parametric improvement/variation possible in using the ERFC scheme, we recommend in the future an investigation of optimal performance of MC and LMC schemes given the dependency on 0 < µ MC < ∞. 
VI. CONCLUSIONS
In this study, we have presented a method of impulsive noise mitigation by companding OFDM signals. This converts the conventional Rayleigh amplitude distribution to uniform distribution. Five different companding transforms were explored and compared with each other. Then, using a nonlinear optimization search, we found that all companding transforms significantly outperform the conventional OFDM in terms of received SNR and also predict the optimal IN mitigating threshold to exist much below the one presented by the unmodified OFDM amplitude distribution. However, the ERFC scheme shows better SNR output performance among all the schemes. In the future, we suggest the investigation of probability of error reception as degrees of in-band distortions induced into the system by different transforms and their decompanding abilities may impact the likelihood of correctly recovering transmitted signals.
